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Abstract. The magnetization around the superconducting transition was measured 
in YBa 2 Cu307_5 with magnetic impurities in the Cu02 layers (Cu substituted by Zn or 
Ni) or between them (Y substituted by Gd or Pr). While some of these impurities have 
an important effect on the superconducting transition temperature (T c ), the precursor 
diamagnetism observed above T c is not appreciably affected. This result contrasts with 
recent observations in a conventional BCS superconductor (La), in which the precursor 
diamagnetism was found to increase several orders of magnitude with the addition of 
a small amount (a few atomic percent) of Gd or Pr magnetic impurities. 
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1. Introduction 

The interplay between superconductivity and magnetic order is a long-standing 
issue which interest has been enhanced by the discovery of the so-called magnetic 
superconductors, materials where the coupling between both collective states is weak, 
as it is also the case of the high temperature cuprate superconductors (HTSC).[H [2] 
The weak diamagnetism induced by thermal fluctuations above the superconducting 
transition temperature (T c ) is a useful tool to probe some aspects of such interplay, 
because it does not hide the contribution associated with the magnetic order, as it may 
be the case below T c .[3] As an example, in Ref. jl] it was shown that the introduction of 
magnetic impurities in low-T c metallic superconductors (LTSC) leads to an increase of 
the precursor diamagnetism well beyond the uncertainties associated with the normal- 
state contribution or with possible T c inhomogeneities. This increase, which was found to 
be proportional to the impurities concentration, was interpreted in terms of an indirect 
effect associated to a change in the magnetic coupling between impurities due to the 
presence of fluctuating Cooper pairs. [4J For LTSC this mechanism was earlier proposed 
for temperatures below T c .[5] 

Here we probe the effect of magnetic impurities on the fluctuation diamagnetism 
above T c in HTSC, an issue that to our knowledge still remains unaddressed. For that, 
we have studied the prototypical YB^CusOy-^ (YBCO) with Cu partially replaced 
by Ni or Zn, or with Y partially replaced by magnetic rare-earths like Gd or Pr. 
Nonmagnetic Zn 2+ (s = 0) substitutes Cu 2+ (s = 1/2) in the Cu02 layers, [6] producing 
a local magnetic moment on the four nearest-neighbors Cu sites arising from the local 
suppression of short-range antiferromagnetic (AF) correlations. [7J [8] This magnetic 
moment is evidenced by the presence of a Curie-like term in the bulk magnetic 
susceptibility. [7] On the other hand, as determined by x-ray absortion experiments, [61 [9] 
magnetic Ni substitutes Cu nearly uniformly in both the CuO"2 layers and the CuO 
chains. Both Zn and Ni impurities in the Cu02 layers act as strong pairbreakers and 
are very effective in reducing T c .|.10j In contrast, the out-of-plane substitution of Y 
by a magnetic rare-earth leaves T c almost unaffected except in the case of Pr, 
which in an amount of ~ 60% completely suppresses the superconductivity. [12] Our 
measurements then cover in-plane and out-of-plane magnetic substitutions with very 
different influences on the superconducting transition temperature. Our experimental 
results show that, in contrast with the LTSC, in YBCO the precursor diamagnetism is 
not appreciably affected by the presence of magnetic impurities. Although it is beyond 
the central aim of our work, we will also show that by just taking into account the 
T c dependence on the impurities concentration, the observed magnetization roundings 
above T c may be explained by conventional mean-field Gaussian-Ginzburg-Landau 
(GGL) approaches. [ISl HH HSl HH HEl HSl [20] 
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2. Experimental details and results 

Powder samples with nominal compositions Yi_ x Pr a; Ba2Cu307_ ( 5 (x < 0.2), 
Yi_ a .Gd a .Ba2Cu 3 7 _* (x < 0.2), YBa a (Cui_ a .Zn a .)307_ a (a; < 0.005), and 
YBa2(Cui_ a; Ni a ;)307_5 (x < 0.01) were prepared by the usual solid-state reaction 
method. To optimize the distribution of dopants, the samples were ground and reacted 
again several times. Finally, they were held at ~ 425° C in flowing oxygen several 
days to attain an oxygen doping level close to the optimal one (5 S 0.1). Powder 
x-ray diffraction (performed with a Rigaku Miniflex II diffractometer) confirmed the 
orthorhombic structure of YBCO and discarded the presence of appreciable impurity 
phases (see Fig. [TJ). As a check of the samples quality we performed measurements 
of the temperature dependence of the field-cooled (FC) magnetic susceptibility under 
low applied magnetic fields (< 1 mT). These measurements, shown in Fig. EJ and the 
subsequent ones of fluctuation effects above T c , were performed with a commercial 
(Quantum Design) SQUID magnetometer. The T c value for each sample (shown 
in Table I) was estimated as the temperature at which the slope of the M/H 
vs. T curves is maximum. The T c dependence on the doping levels (presented in 
Figs. E(e,f)) is consistent with previous experiments. [61 171 fTTl [12] and the corresponding 
[T c (x) —T c (0)]/x range from about +5 K for Gd-doping to about — 10 3 K for Zn-doping. 
The transition widths, AT C , estimated as the difference between the onset of the low- 
field diamagnetic transition and T c , are also presented in Table I. From these values, 
the reduced temperatures, e = ln(T/T c ), below which T c inhomogeneities may affect 
the measurements of fluctuation effects, were estimated as e in h = AT C /T C and compiled 
in Table I. As it may be seen, with the exception of the most Pr-doped samples, the 
superconducting transitions are sharp enough to study the fluctuation effects down to 
the Levanyuk-Ginzburg reduced temperature for the onset of full-critical fluctuations, 
which for YBCO is close to Elg ~ 2 x 10~ 2 .[2T] This will allow us to investigate the 
precursor diamagnetism in all the Gaussian region above T c . 

The magnetization above T c was measured as a function of temperature by using 
a 0.5 T magnetic field (Fig. [3]). This field is much smaller than the upper critical field 
for H _L ah extrapolated to T = K [/i i^ c2 (0) ~ 270 T, see below]. Then, the GGL 
approach for layered superconductors summarized in Sec. Ill [valid for H <C eH C 2(0)] 
will be applicable in all the e-range above e^q. The fluctuation contribution to the 
magnetization, AM, was obtained by subtracting from the as-measured M(T) curves 
the corresponding normal-state or background contributions, M#(T). These last were 
determined by fitting a Curie-like function [M#(T) = a + bT + c/T, where a, b and c 
are fitting parameters] in a temperature region above ~ 1.5T C (typically above 150 K), 
where fluctuation effects are expected to be negligible. [22J The background contributions 
are represented as solid lines in Fig. [31 The resulting fluctuation-induced magnetic 
susceptibilities are represented in Fig. HI In view of this figure one may already conclude 
that the strong increase of the fluctuation diamagnetism observed in LTSC with a similar 
concentration of magnetic impurities is not present in YBCO. In the next Section we will 
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analyze up to what extent the observed differences may be attributed to the dependence 
with the impurities concentration of the relevant superconducting parameters. 



3. Comparison with GGL approaches for the fluctuation magnetization in 
layered superconductors 

Our data will be analyzed in the framework of the GGL-Lawrence-Doniach (GGL- 
LD) model for Josephson-coupled layered superconductors presented in Ref. [20J, 
which includes an energy cutoff in the fluctuation spectrum. A justification for the 
introduction of this cutoff is presented in Ref. [22]. According to this approach, 
the fluctuation magnetization for H _L ab in the weak magnetic field limit [for field 
amplitudes much smaller than the corresponding H C 2(0)} is given by[20j 



AM i 



nk B T t j, Q H? ab (0) 
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Here 5ld = [2£ c (0)/s] 2 , £ a &(0) and £ c (0) are the in-plane and transverse coherence length 
amplitudes, s = 0.585 nm is the CuO"2 layers effective periodicity length in YBCO 
compounds, k B is the Boltzmann constant, (1q is the vacuum permeability, 0o is the flux 
quantum, and e c is the cutoff constant, which is expected to be close to 0.5.|20~] I2"2"] This 
expression predicts the vanishing of fluctuation effects at a reduced temperature, £ on set, 
close to e c . In the non-cutoff case (i.e., for e c — > oo), Eq. ([Q) reduces to the well known 
expression: [131 US] 

AMi = -IlEpSm (2) 
3<%syje(e + B LD ) 

To analyze the measurements presented here (obtained in powder samples with 
the grains randomly oriented) we must perform the angular average of the fluctuation 
magnetization of an individual crystallite: 

AM(T, H) = I"' 2 AM(T, H, 9) sin 9 d9. (3) 
Jo 

Here 9 is the angle between the crystal c axis and the applied magnetic field, and 
AM(T, H, 9) may be expressed in terms of the components perpendicular and parallel 
to the CuO"2 layers (AMj_ and AMi, respectively) as follows: 

AM(T, H, 9) = AM ± (T, H cos 9) cos 9 + A My (T, H sin 9) sin 9. (4) 

According to the scaling transformation developed in Ref. [2~3] we may write 



AMi|(T, H) 



1am, tA 



(5) 
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where 7 = ^ a 6(0)/^ c (0) is the anisotropy factor. The combination of Eqs. (IU [MS]) leads 
to 
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In view of Eq. the differences in AM/H observed for the samples studied here 
(Fig. |3J could be attributed to the dependence of T c or of the coherence lengths on the 
type and concentration of magnetic impurities. In Refs. [2H [25J, [26] it was shown that 
the coherence lengths do not change appreciably with respect to pure YBCO, at least 
for the impurities and concentrations studied. Then, to compensate the differences 
in T c , in Fig. [5] we represent AM/H normalized by T against T/T c . As it may be 
clearly seen, the curves corresponding to different impurities and concentrations scale 
with the one of pure YBCO. [27] This contrasts with the above mentioned behavior of 
conventional BCS superconductors (La doped with Pr), for which similar concentrations 
of magnetic impurities lead to a strong increase of the precursor diamagnetism. [3] This 
increase was explained by taking into account that the interaction between the Pr ions 
is mediated by the electronic sea: [4] According to the RKKY model, this interaction is 
long-range and dependent on the normal carriers density of states (DOS). The change 
in DOS induced by fluctuating Cooper pairs alters the interaction between Pr ions and 
modifies the contribution to the magnetic susceptibility proportionally to the fluctuation 
superfluid density, n s . As a result, the precursor diamagnetism should include an indirect 
contribution proportional to n s and to the impurities concentration, which is confirmed 
by the experiments. [I] Our present results suggest that this mechanism plays a negligible 
role in the HTSC. In-plane magnetic impurities (Ni or Zn) just interact via exchange 
with the surrounding Cu ions, and the change in DOS induced by fluctuations seems 
to leave unchanged their contribution to the normal-state susceptibility. In the case of 
magnetic impurities away from the Cu02 layers (Gd or Pr), a negligible influence of the 
carriers sea is even more justified given the weak interlayer coupling in these materials. 

For completeness, we compare the data in Fig. [5] with the GGL-LD approach for 
the diamagnetism induced above T c by thermal fluctuations in layered superconductors. 
The solid lines correspond to Eq. ([6]) and were plotted by using the coherence 
length amplitudes typical of optimally-doped YBCO [£ a &(0) = 1.1 nm, or equivalently 
fi Q H c2 {0) = 270 T, and f c (0) = 0.12 nm],|2Ql 123 OS] and a cutoff constant e c = 0.4. 
As it may be seen, the agreement is excellent in the whole temperature range above 
T c . Moreover, the cutoff constant (which is close to the e-value for the onset of 
fluctuation effects, £ on set) is within the ones found in the fluctuation diamagnetism 
of other superconducting families, including highly anisotropic HTSC, [30, EI] low-T c 
metallic superconductors, [32] MgB 2 ,[33] NbSe 2 ,[3l] and the recently discovered iron- 
based superconductors. [35] It is also close to the estimation presented in Ref. [22] 
(e c = 0.55). Our results confirm the proposal in this last work that the onset 
temperature for the fluctuation effects, T onsct m T c exp(e c ) 1.5T c , arises in the limits 
encountered at high-e to the shrinkage of the superconducting wave function to lengths 
of the order of the pairs size, £o-[36] Moreover, our results are also consistent with the 
observation that in optimally-doped YBCO and NdBa 2 Cu307 the onset temperature for 
the Nernst effect follows the change in T c upon Zn- and Ni- doping, respectively. j37J [38] 
They also support the recent proposal that the fluctuation Nernst effect in Ca- and 
Zn-doped YBCO may be explained by GGL descriptions. [39J Finally, note that disorder 
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induced by electron irradiation in optimally and underdoped YBCO leads to a significant 
decrease of T c (together with an increase of AT C /T C ) but leaves the onset temperature 
of the Nernst signal almost unchanged. [4TJ] This contrasts with the effect associated to 
magnetic impurities observed here and in Refs. [37J EH], which could suggest that the 
disorder induced by irradiation is different in nature. 

4. Conclusions 

We have presented measurements of the magnetization just above T c in YBCO with 
magnetic impurities within the Cu02 layers (Zn or Ni replacing Cu), or between them 
(Pr or Gd replacing Y). The rounding associated with thermal fluctuations seems 
to be unaffected by the presence of these impurities, regardless of their type and 
placement. This contrasts with the behavior of some conventional BCS superconductors, 
in which magnetic impurities induce a strong increase of the precursor diamagnetism. pE] 
The mechanism proposed in Ref. [3] to explain such behavior (i.e., a change in the 
magnetic coupling between impurities due to the presence of fluctuating Cooper pairs) 
seems to play a negligible role in the cuprates. Our results further confirm the 
applicability of mean-field GGL descriptions for the effect of thermal fluctuations above 
the superconducting transition in HTSC. 
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YBa 2 (Cu .99Nio.oi)307-5 
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Table 1. Critical temperatures and transition widths of the samples studied in this 
work, as determined from the data in Fig. [5J £i n h is the reduced temperature below 
which T c inhomogeneities are expected to appreciably affect the rounding associated 
with fluctuation effects. 
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Figure 1. X-ray diffraction patterns of some of the samples studied in this work. The 
observed peak positions are close to the ones of YBCO without impurities, discarding 
the presence of appreciable impurity phases. 
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atomic % 

Figure 2. (a) to (d) Temperature dependence of the field-cooled magnetic 
susceptibility of the samples studied in this work, measured with [i^H < 1 mT. For 
a better comparison of the transition widths, these data were normalized to the ideal 
value of -1 at low temperatures. T c was estimated as the temperature at which the 
slope is maximum, and the transition width as the difference between T c and the onset 
temperature above the transition. The resulting T c dependences on the doping levels 
are presented in (e) and (f). The lines are guides for the eyes. 
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Figure 3. Temperature dependence of the magnetic susceptibility of the samples 
studied in this work up to ~ 2T C , obtained with a 0.5 T applied magnetic field. 
The logarithmic scale is motivated by the large differences in the normal-state 
susceptibilities. The lines are the background contributions, obtained by fitting a 
Curie-like function above ~ 1.5T C . 
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Figure 4. Temperature dependence of the magnetic susceptibility above T c after the 
normal-state background subtraction. 
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Figure 5. T/T c dependence of the fluctuation magnetic susceptibility (over T) of the 
samples studied in this work. The behavior of the Pr-10 sample may be attributed 
to its large transition width (see main text for details). The solid lines correspond 
to the GGL-LD approach with a total-energy cutoff [Eq. ([B}] evaluated with typical 
parameters of the optimally-doped YBCO [£ o fe(0) = 1.1 nm and £ c (0) = 0.12 nm] 
and a cutoff constant of e c — 0.4. The conventional GGL-LD approach [Eq. ([6]) with 
e c —¥ oo] evaluated with the same parameters (dashed lines) does not reproduce the 
vanishing of fluctuation effects at high reduced temperatures. 



